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Abstract
The impact of acute kidney injury (AKI) and chronic kidney disease (CKD) in dogs has

not been studied, however, AKI and CKD in people are associated with poor outcomes.

The pathophysiology of kidney disease is analogous in people and dogs. Kidney disease
in dogs, however, is complicated by variable care processes, which result in high

morbidity and mortality in this species as well. Despite this high burden of poor

outcomes, the epidemiology of markers of kidney disease like creatinine has not been
described in dogs. Similarly, the incidence of hospital acquired acute kidney injury

(using Acute Kidney Injury Network criteria or AKIN) is also not well described in a

general population of hospitalized dogs. In order to better understand kidney disease in
dogs, we estimated the prevalence of elevated creatinine and the incidence of hospital
acquired acute kidney injury at a tertiary care facility, the Henry and Lois Foster’s

Hospital for Small Animals (FHSA). We developed a retrospective cross-sectional

dataset of 115,631 hospital visits of all dogs presenting to the Tufts Foster Hospital for

Small Animals from October 2010 to October 2014. We identified dogs that had serum
creatinine evaluation in either the inpatient or outpatient setting. Elevated creatinine
was defined as a serum creatinine >1.6 mg/dL and severely elevated as a serum

creatinine >2.5 mg/dL based on International Renal Interest Society guidelines (IRIS
AKI). In further analyses focusing specifically on inpatient dogs with at least 2

creatinine measurements, we constructed a retrospective observational cohort for

evaluating hospital acquired acute kidney injury, defined using AKIN criteria that are
used in people The incidence and relative risk of AKIN stages 1, 2 and 3 AKI were

calculated. Subsequent creatinine and AKI analyses evaluated the association between
age, sex/neuter status, creatinine measurement methodology, and first creatinine

measurement with elevated creatinine and hospital acquired AKI, as appropriate. Of the
115,631 visits during the study period, 98,693 visits were outpatient and 16,938 were
ii

hospital admissions. Ten and one-tenth percent (N=9,983) of outpatients were

evaluated for elevated creatinine; 60.0% (N=10,228) of hospital admissions had at least

one creatinine, and 3,321 met the criteria for retrospective screening of hospital acquired
AKI. The prevalence of elevated creatinine in all evaluated dogs was 11.5% (95% CI:

11.0%, 11.9%); 10.2% (95% CI: 9.6%, 10.8%) of inpatients and 12.9% (95% CI: 12.1%,
13.8%) of outpatients had elevated creatinine. The relative risk (RR) of elevated

creatinine was significantly elevated in geriatric dogs (outpatient RR 1.45 95% CI: 1.23,

1.70; inpatient RR 1.43 95% CI: 1.16, 1.76) and lower in young dogs (outpatient RR 0.39
95% CI: 0.26, 0.59; inpatient RR 0.44 95% CI: 0.32, 0.62) compared to other age
groups; there was no association between sex/neuter status and risk of elevated

creatinine. Of the 3,321 hospitalized dogs evaluated for AKI, 323 (10.0%) had Stage 1, 11
(0.3%) had Stage 2, and 64 (2.0%) had Stage 3. In a subgroup analysis, dogs with a

moderately elevated first creatinine were 58% (RR 1.58 95% CI: 1.03, 2.44) more likely to
have the mildest form of AKI (Stage 1) and dogs with severely elevated first creatinine
were 6 times more likely (RR 6.03 95% CI: 1.06, 34.35) to have Stage 3 kidney injury,

compared to dogs with lower measured first creatinine. In a multivariable analysis, age
and sex were not significantly associated with the probability of developing hospital

acquired AKI; however, mild, moderate, and severe categories of elevated first creatinine

(adjusted ORs: mild OR1.47 [95% CI: 1.09, 1.98], moderate OR 1.93 [95% CI: 1.28, 2.88],
and severe OR 2.26 [95% CI: 1.65, 3.08]), each additional day of hospitalization

(adjusted OR 1.11 [95% CI: 1.06, 1.15]), and point of care measurement instead of

chemistry laboratory evaluation of creatinine (adjusted OR 0.73 [95% CI: 0.56, 0.96])

were all significant predictors of hospital acquired AKI. In dogs presenting to a tertiary
referral center, the number of dogs with evidence of kidney injury is high, which may

reflect a sick population seen at the FHSA. We found that geriatric dogs are more likely
to have elevated creatinine, consistent with age related decreases in kidney function.
iii

AKI is common among hospitalized dogs, present in at least 1 in every 10 screened dogs,

and is likely even higher in some subgroups. Veterinarians should consider screening for
kidney disease in geriatric dogs with supportive history or exam findings during

outpatient visits. Hospital acquired AKI should be considered with any acute rise in

creatinine, particularly in dogs who have elevated creatinine at hospital admission and

who are hospitalized for long periods of time. More study is needed on both short term
and long term outcomes of dogs with prevalent or incident kidney disease.
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Introduction
The impact of acute kidney injury (AKI) and chronic kidney disease (CKD) in dogs is

insufficiently studied. Far more data are available in people, where both AKI and CKD
are associated with poor outcomes, and detailed classification systems have been

developed to define AKI in people. In people, current data suggest that acute kidney

injury and chronic kidney disease are common, inextricably linked, and associated with
high morbidity and mortality. Classically thought of as separate syndromes, acute

kidney injury (AKI) and chronic kidney disease (CKD) may represent different phases of

what may be the same disease. A better understanding of both AKI and CKD may lead to
improved outcomes in both people and dogs. In human studies, acute kidney injury is a
risk factor for CKD, with 30% of adults carrying a diagnosis of CKD within one year
following an AKI hospitalization (USRDS 2015). Illustrating the bidirectional link,
people with preexisting CKD are 4 times more likely to develop an AKI episode
compared to those with no history of CKD (Saran and al. 2016).

The pathophysiology of AKI is

likely similar in people and dogs.
By definition, AKI is a clinical
syndrome of acute decreased

glomerular filtration rate (GFR);
this often occurs secondary to

ischemic damage or direct toxic

insult. The GFR has the capacity
to fully recover from sub-lethal

Figure 1. Schematic of theory showing mechanism for continued
injury after AKI. (Bedford, et al. 2011)
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insults through progression from damage and inflammation to cellular repair, although
residual damage may exist. There also are many situations in which recovery may be
incomplete, including if injury involves the renal vascular endothelium. Incomplete

repair may be a mechanism that initiates CKD. One model positing that AKI may lead to
CKD describes a pathway of tissue damage (initiation) resulting in fibrosis (extension)
that can perpetuate a cycle of continued damage (maintenance) instead of tissue

recovery (repair) (Bedford, et al. 2011) (See Figure 1). Because mechanisms underlying
many causes of AKI hypothesize renal vasculopathy and perfusion limitations,

individuals with pre-existing CKD may be at increased risk of AKI due to chronic

vascular changes that ultimately contribute to the pathophysiology of CKD (Bedford, et
al. 2011). These suppositions are supported through meta-analyses in people, where a

decreased estimated GFR is so strongly associated with the risk of AKI that it attenuates
the effects of age, sex, race, hypertension, and diabetes (James 2015) (Grams and al.
2015).

Among people, acute kidney injury is an important clinical entity in patients admitted to
the hospital and can be classified by origin. Community-acquired AKI is generally

defined as AKI occurring out of the hospital environment (initiated prior to hospital
admission) while hospital-acquired AKI is defined as AKI detected during

hospitalization. In a global cross-sectional study of AKI in adults, community-acquired
AKI represents a majority of treated patients (58%) compared to AKI attributable to

hospital factors (hospital-acquired AKI) (Mehta 2016). Among people, the incidence of
AKI ranges between 20% and 50% in various critically ill hospitalized populations, but
the overall incidence is largely unknown (Cerda and al. 2008) (Case, et al. 2013). A

recent large cross-sectional study of people in China found that nearly 75% of confirmed
2

AKI cases were not appreciated at the time of hospitalization, despite a 2% risk of AKI
for all hospital admissions (Yang 2015). Because short term mortality associated with

AKI is high in some human patient populations (Case, et al. 2013), early recognition and
treatment may be important. In people, in addition to pre-existing CKD, demographic
characteristics such as older age, and comorbid conditions such as diabetes,

hypertension and cardiovascular disease, and many other risk factors are associated with
AKI. These include radiocontrast administration, cardiothoracic surgery, sepsis, drug
toxicity and hypovolemia (Case 2013). Regardless of the etiology, AKI in hospitalized

people is associated with increased morbidity, mortality, use of hospital resources, and
cost of care.

Among people, a consensus definitions of
AKI (previously referred to as acute renal
failure) was proposed in 2004 and has

been widely adopted. The Acute Dialysis
Quality Initiative consensus definition,
dubbed RIFLE (Risk, Injury, Failure,

Loss, and End stage) criteria (Figure 2),
Figure 2. This figure shows the serum creatinine, GFR, and
urine output criteria for the five RIFLE criteria. (Bellomo,
et al. 2004)

classifies kidney injury based on severity
(Bellomo, et al. 2004). Severity is
determined by one or all of three

objective measures: relative increase in serum creatinine, reduction in glomerular

filtration rate, and/or decrease in hourly urine output. A slightly modified version

emerged in 2007, referred to as the Acute Kidney Injury Network (AKIN) staging system,

3

which classifies AKI into three stages of severity based on a rise in serum creatinine or
decreased urine output (Figure 3).

Figure 3. AKIN stages are a modification of the RIFLE criteria. (Ravindra L Mehta 2007)

Little data exist on CKD and even less exist on AKI in canine populations. The

epidemiology of CKD in heterogeneous populations of dogs has been reported in two
large European studies. In over 600,000 dogs in Sweden, researchers estimated the
prevalence of CKD as 1.6% from insurance claims data (Pelander, et al. 2015). In the

United Kingdom, a medical records database of 107,214 dogs estimated the prevalence of
CKD to be 0.37% (O'Neill DG 2013). However, these studies likely underestimate the
true prevalence and incidence of CKD since the investigators only identified cases if a

claim was made or the medical record indicated a diagnosis of CKD; it is not reported
what proportion of dogs were evaluated for CKD.

Very little is known about the epidemiology of incident AKI in hospitalized dogs. The
reported incidence in two single center studies was 14.6% and 20% (Thoen ME 2011)

(Harison, et al. 2012); however, these studies fail to evaluate all hospitalized patients and
exclude dogs with CKD and certain etiologies of AKI. Analogous to what is reported in
people, AKI in dogs appears associated with a very high mortality rate (38-78.5%)

(Thoen ME 2011) (Harison, et al. 2012)(Eatroff, et al. 2012) (Thoen ME 2011). It should
4

be noted, however, that mortality rates do not differentiate natural death from death due
to euthanasia. While numerous statistical associations with AKI outcomes are reported
(e.g., hydroxyethyl starch) (Thoen ME 2011) (Harison, et al. 2012) (Eatroff, et al. 2012)
(Y-J. Lee 2011) (Hayes, Benedicenti and Mathews 2015), no link between either age or
sex and the risk of AKI has been reported in ill dogs to date.

In dogs, given the paucity of and limitations of epidemiologic data for CKD, community
acquired AKI, and hospital acquired AKI, better estimates of kidney disease prevalence
and incidence in dogs are necessary. Accordingly, in this project we 1) aim to estimate

the prevalence of elevated creatinine, which is a composite of community acquired AKI
and CKD (prevalent kidney injury), in evaluated dogs presenting to a referral center
treated either as an outpatient or inpatient; and 2) aim to estimate the incidence of
hospital acquired AKI by analysis of a hospitalized cohort of dogs that have been
retrospectively evaluated for hospital acquired AKI.

Methods
Study design
Two separate study design methodologies were employed. This decision was made in
order to leverage available resources and maintain feasibility while maximizing the

number of subjects available for analysis. Of note, unlike people, where kidney function
may be checked routinely, routine blood tests are not universally performed in dogs.
This fact dictated the study designs used below.

5

Aim 1: Prevalence of elevated creatinine in evaluated dogs
A retrospective, observational cross-sectional study design was employed to estimate the
prevalence of elevated creatinine among dogs during evaluation to a large academic
veterinary hospital. Elevated creatinine at presentation could represent either

community acquired AKI or CKD (or even both concurrently). This study design, while

unable to identify incident kidney injury, was the most efficient design for reporting the

prevalence of elevated creatinine in this population. Dogs were identified by generating
an investigator initiated custom computer database query to both an administrative
hospital invoicing database and a laboratory records database.

Aim 1

Aim 2

Populations of
Interest
▪Inpatient dogs with an
available measurement
of creatinine
▪Outpatient dogs with
an available
measurement of
creatinine
▪Dogs admitted to the
hospital and able to be
evaluated for incident
AKI (hospital acquired)

Outcomes of Interest

▪Any elevation of
creatinine (moderate
and severe creatinine
elevation)
▪Severe elevation of
creatinine

▪Hospital acquired AKI
(AKIN stage 1, 2, or 3)

Exposures of
Interest
▪Age group (juvenile,
young, adult, older,
geriatric
▪Sex/neuter status
(male, castrated male,
female, spayed female)
▪Creatinine
measurement
methodology (Point of
care vs laboratory assay)
▪Age group (juvenile,
young, adult, older,
geriatric
▪Sex/neuter status
(male, castrated male,
female, spayed female)
▪Creatinine (category of
first measured
creatinine – no
elevation, mild,
moderate, or severe)
▪Creatinine
measurement
methodology (Point of
care vs laboratory assay)
▪Days hospitalized

Figure 4. This is a table listing the primary population sampled, the primary outcomes, and exposures of
interest.
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Aim 2: Incidence of hospital-acquired AKI in evaluated, hospitalized dogs
A retrospective, observational cohort was used to estimate the incidence of hospital

acquired AKI in dogs screened during hospitalization at a large academic veterinary

hospital. The dogs in the cohort represent a subset of the cross-sectional database used
in Aim 1. Dogs who were hospitalized and able to be retrospectively screened for

hospital acquired AKI were enrolled in the cohort and followed during hospitalization.

Screening for hospital acquired AKI was possible if a dog had at least two measurements
of creatinine during hospitalization, which may have occurred either through direct

clinician intent to screen kidney function or other reasons not evaluated in this study.

Additional variables related to hospitalization and laboratory ordering were extracted
from the electronic medical record through manual chart review. Because many dogs
admitted to the hospital are not screened for AKI, we performed a pre-specified

sensitivity analysis. In this analysis, a random sample of dogs admitted to the hospital

during the study period, regardless of whether there were measures of creatinine, and a

random sample of dogs able to be evaluated for hospital acquired AKI were compared to
assess whether it was reasonable to assume the rate of hospital acquired AKI was
generalizable to other hospitalized but unscreened dogs.

Setting
The Henry & Lois Foster Hospital for Small Animals (FHSA) at the Cummings

Veterinary Center at Tufts University is an academic veterinary medical center located

40 miles west of downtown Boston. The facility sees more than of 26,000 patient visits

per year, the majority of which are dogs. The FHSA is a leader in the veterinary specialty
7

field and provides advanced diagnostics and treatment to patients who have owners

interested in these services. The hospital is structured as a fee for service institution,

which is similar to all other tertiary care veterinary facilities. The FHSA does provide
limited preventative services; however, a majority of patients present for specialist or
emergency consultation.

Study population
Dogs presenting to the FHSA during the study period of October 1, 2010 to September
30, 2014, a four year period, were eligible for inclusion. The catchment population
includes dogs of any breed, age or sex presenting for elective surgery, specialist

consultation, or emergency services. Although included dogs may be owned, stray, or

service animals, most dogs receiving care at the FHSA are privately owned. Owners are
of any age, sex, race, ethnic group, socioeconomic status, education level, or locale

typically found in the New England area. Although no study has been published, the

apparent diversity of dogs and owners seen at the FHSA is suspected to be representative
of the population of dogs and owners residing in the New England region and likely
comparable to other academic centers in the Northeast or Mid-Atlantic regions.

Database creation
A database was generated from all hospital invoices and abstracted electronic medical

records. Age, sex, date of visit, hospital admission, number of days if hospitalized, and
the number of laboratory tests ordered were included in each record as digitally
recorded. Concurrently, a second database of laboratory data was generated by

collecting all laboratory orders, date reported, and measured creatinine values during the
8

study period. Both of these databases included a patient identifier. This patient

identifier allowed merging of these two databases based on date and patient identifier.

Merging of records and laboratory data also occurred if a laboratory measurement date

fell during the expected dates of hospitalization. Because of the large number of records
in this database, cleaning included removing records with implausible values for age or

creatinine. This included removing records with ages >25 years or <0 years and records
with creatinine values reported as missing or >20 mg/dL. Multiple imputation was
considered; however, due to the suspicion that the missingness was not at random,
further consideration of these methods was not pursued. When modeling was

performed, only complete cases were included. The resulting database of all admissions

and outpatients with laboratory data was used for the analysis of prevalent kidney injury
and incident AKI.

Two additional datasets were created. A random sample of all hospital admissions was

created. Four subjects were randomly selected from each month during the study period
(N=192) using a computer algorithm that included sampling with replacement.

Additional patient demographics and covariates were abstracted from the medical record
including the secondary outcome of in hospital death. Age, sex, weight, body condition

score, laboratory orders, primary diagnosis, days hospitalized, survival to discharge, and
30 day mortality were abstracted. A second additional database of 327 dogs was

comprised of randomly sampled dogs that were able to be retrospectively screened for
AKI. This database contains many patient demographics, baseline characteristics,
pretreatment, treatment, diagnostic and outcome variables.

9

All data manipulation and abstraction was performed by the investigator or under direct
supervision of the investigator. Double abstraction was considered ideal; however, due
to time and resource limitations this was not possible during the study period.

Clinical outcome definitions
Two primary clinical outcomes were measured: elevated creatinine and hospital acquired
AKI.

Elevated creatinine, a composite of prevalent CKD and community acquired AKI, was

defined using the first measured serum creatinine during any hospital visit. Creatinine
was measured using standard laboratory techniques either in a reference laboratory

setting or at the bedside using a point of care analyzer. The results obtained by these two
classes of instruments were considered equivalent for ascertaining individual subject

outcome, and there is no known direct comparison of these methods in the literature.

Creatinine is measured on a continuous scale; however, patients were categorized into

groups based on likelihood of kidney injury. It is important to note that, because of the
cross-sectional nature of the study design and the inability to determine if pre-existing
kidney disease was present, it was impossible to differentiate the natural history of

kidney injury present at evaluation. Because of this, the outcome of elevated creatinine
potentially includes prevalent CKD, community acquired AKI occurring concurrently

with CKD, and new community acquired AKI in previously unaffected dogs occurring

prior to hospitalization. Classification of elevated creatinine levels into categories was
based on a modification of the recently adopted International Renal Interest Society’s
(IRIS) AKI grading recommendations (IRIS 2013) (Figure 5). The modified
10

classification system incorporated a category of creatinine elevation above what is

considered normal; critically, it is difficult to determine if the value is pathologic without
additional diagnostics. This category will help generate future hypotheses. Therefore,

dogs were graded based on the following categories of AKI: no evidence (creatinine <1.0
mg/dL), mild (creatinine 1-1.6 mg/dL), moderate (creatinine >1.6-2.5 mg/dL), and

severe (creatinine >2.5 mg/dL). Elevated creatinine include both the moderate and
severe categories, comprising all dogs with serum creatinine >1.6 mg/dL.
Categories of elevated
creatinine (IRIS AKI
grading)
No evidence
Mild
Moderate
Severe

Measured blood
creatinine

<1.0 mg/dL
1.0 to 1.6 mg/dL
>1.6 to 2.5mg/dL
>2.5 mg/dL

Figure 5. Table showing how creatinine measurements were categorized
into AKI grade using the IRIS AKI grading recommendations.

The incidence of hospital acquired AKI was assessed in dogs that were both hospitalized

and screened. Screened dogs were identified from hospital invoicing. For dogs with two
or more billing charges for serum creatinine measurement during the same

hospitalization, laboratory and clinical datasets were linked and merged. Because
laboratory results frequently were not reported on the same day as owners were

invoiced, it was necessary to calculate the admission date from the invoice generated at

the time of discharge or death. Simply, admission date was calculated by subtracting the
number of days hospitalized from the final invoice date. Any creatinine measurements

with reporting date between the final invoice date and the admission date were assigned

to that hospitalization. The difference between the first creatinine measurement and the
maximum reported serum creatinine value was calculated for each patient. Although it
would have been ideal to have creatinine measurements from the time of admission,
some dogs did not have a measurement ordered until later in their hospital stay.
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Regardless of the day of hospitalization, the first creatinine measurement was considered
to be a baseline measurement. For simplicity, the maximum subsequent creatinine was
identified by computer algorithm and used in the analysis. This difference was used to

categorize dogs into stages of AKI. A modified version of the AKIN staging criteria were
used to classify AKI by severity. An absolute difference between creatinine at first

measurement and the peak serum creatinine level during hospitalization of >0.3 mg/dL

or a relative difference of >150% defined AKI. Patients were classified as no AKI, stage 1
AKI (>0.3 mg/dL or >150% increase in creatinine), stage 2 AKI (>200% to <300%

increase in creatinine), or stage 3 AKI (creatinine increase of >300% or >0.5 mg/dL
increase in patients with baseline of > 4mg/dL). (Figure 2)

Covariates
Age, sex, and breed of dogs were collected at initial evaluation, typically at the time of
presentation to the FHSA. All three of these covariates are owner reported. Age was

calculated as the difference between the discharge date and the owner reported date of
birth or in many cases the estimated date of birth. Although age was available as a

continuous variable, many dogs have owner estimated ages so dogs were categorized as
juvenile (<6 months), young (6 months to 2 years), middle aged (>2 years to 7 years),

older (>7 years to 11 years) and geriatric (>11 years) to assist in interpretation. Because
there are no known recommendations for categorizing age groups, these age categories

were defined prior to any analyses. These categories were selected based on reasonable

definitions of life stage that most veterinarians would subscribe to. Similar to age, breed
is owner reported. This includes pure bred dogs (e.g., American Kennel Club recognized
breeds), designer mixes (e.g., labradoodle) or some other combination of breeds (e.g.,

mixed breed dog). The number of categories in this variable was found to be in excess of
12

500 and often reported as an ambiguous abbreviation. Due to this significant risk of

information bias, this variable was excluded from further analysis. The sex of dogs in the
study was also reported by the owner and confirmed by the veterinarian during routine
physical examination as entire male, entire female, castrated male, or spayed female,
reflecting both their sex and neuter status. Admission status (inpatient versus

outpatient) was determined by the presence of a hospitalization charge on a dog’s final
invoice and recorded as an indicator variable. The number of days hospitalized and

number of labs ordered were measured as continuous variables by summing the total
days or labs charged on the owner’s final invoice. Whether or not creatinine was

measured using a point of care instrument versus standard laboratory equipment was

extracted from the laboratory database. Weight is a continuous variable of a dogs mass
in kilograms abstracted by the investigator from electronic and paper medical records.
Body condition score (BCS) is a measurement of body fat on an integer scale of 1 to 9,

with 5 representing ideal body fat (1=emaciated, 9=morbidly obese). Patients presenting
through the emergency service were identified by the investigator by abstracting the

admitting hospital service (emergency department versus all other) from electronic and
paper medical records. Mortality is defined as the proportion of dogs that died or were

euthanized prior to being discharged from the hospital. This variable was abstracted by

the investigator from electronic and paper medical records and is the current convention
in veterinary clinical research.

Statistical analysis
Summary statistics were calculated using proportions for binary and categorical

covariates, mean and standard deviation for normally distributed covariates, and median

13

and interquartile range (IQR as 25th and 75th percentile boundaries) for skewed
distributions.

Aim 1: Prevalence of elevated creatinine in evaluated dogs
The prevalence of elevated creatinine in dogs was estimated from each hospital visit (i.e.,
encounter) to FHSA where creatinine was evaluated during the study period by

calculating the proportion of dogs classified with moderate or severe elevated creatinine.
Characteristics of dogs that were admitted to the hospital and outpatient appointments
were compared using univariable associations between baseline characteristics and

admission status to evaluate if these subgroups could be pooled or should be treated as

separate populations. Binary and categorical covariates were tested using the chi-square
test. Continuous covariates were tested using Student’s T test and Wilcoxon rank-sum
test, as appropriate. The absolute risk of elevated creatinine was calculated using the

number of encounters (i.e., hospital visits) meeting criteria for elevated creatinine (i.e.,
moderate or severe kidney injury [IRIS AKI grading]) divided by the total number of

dogs evaluated. Because the clinical relevance of mild increases in creatinine is unknown
in dogs and the relative importance in specific subgroups is also unknown, we performed
a hypothesis generating subgroup analysis in both inpatients and outpatients to better

understand any potential effects of age group and sex/neuter status on the relative risk of
the pooled outcome of elevated creatinine as well as moderate/severe elevated creatinine
subgroups. Stratification of the outcome was chosen instead of ordinal regression

because of the exploratory nature of the analysis, ease of interpretation, and the low
numbers expected in some subgroups. Because not all dogs were evaluated for

creatinine elevation, several one-way sensitivity analyses were conducted to assess the
effect of various plausible values of elevated creatinine in the unevaluated dogs on the
14

population estimate. We made a conservative assumption that the risk would be lower
in unevaluated dogs and that this would be consistent in inpatient and outpatient

populations. An additional sensitivity analysis was performed to investigate the effect of
removing visit encounters of dogs who presented to the FHSA more than once on the

prevalence of elevated creatinine. The effects of age and sex on the outcome of elevated
creatinine were investigated using separate multivariable logistic regression models for
elevated creatinine and severely elevated creatinine in inpatient and outpatient

populations. We were also interested in whether elevated creatinine would be associated
with being admitted after adjustment for baseline characteristics; a multivariable logistic
regression analysis was chosen to model the relationship among baseline characteristics,
creatinine category, and admission status. Model diagnostics performed for each model
included analysis of the c-statistic and Hosmer-Lemeshow test.

Aim 2: Incidence of hospital acquired AKI in evaluated, hospitalized dogs
We sought to estimate the incidence of hospital acquired AKI in dogs by retrospectively
screening dogs with sufficient creatinine measurement data during a single

hospitalization admission. In order to better understand differences in dogs who were
evaluated for AKI and those that were unscreened, univariate associations of baseline

characteristics were evaluated. Binary and categorical covariates were tested using the

chi-square test; continuous covariates were tested using Student’s T-test and Wilcoxon

rank-sum test, as appropriate. The absolute risk of hospital acquired AKI was calculated
using the number of dog hospitalizations (i.e., separate encounters) meeting criteria for
any stage of AKI (i.e., AKIN staging criteria) divided by the total number of dog

hospitalizations with enough data to be screened for hospital acquired AKI. Both the

cumulative incidence and the rate of events per 1000 hospitalizations were calculated.
15

Dogs were stratified by age group, sex/neuter status, and first measured creatinine to
compare the relative risk within subgroups of hospital acquired AKI (the primary

outcome) and of the specific stage of hospital acquired AKI. Because not all hospitalized
dogs are evaluated for hospital acquired AKI and we wanted to determine the minimum
expected risk of hospital acquired AKI, a one-way sensitivity analysis was performed to

evaluate the effect of various rates of AKI in unscreened dogs on the observed population
risk estimate of hospital acquired AKI. We assumed that dogs that were unscreened
were less likely to have AKI. An additional sensitivity analysis was performed to

investigate the effect of removing admission encounters of dogs who were hospitalized
more than once on the incidence of hospital acquired AKI. In order to better

understand the adjusted effect of baseline characteristics on the outcome of hospital
acquired AKI, we used multivariable logistic regression analysis to model the

relationship between baseline characteristics and any stage of hospital acquired AKI.

Model diagnostics were performed and included analysis the c-statistic and HosmerLemeshow test.

An additional sensitivity analysis was performed to evaluate differences between

hospitalized dogs that were not screened for AKI and those that were. The purpose of

this analysis was to determine if the risk of hospital acquired AKI observed in screened
dogs could be generalized to all hospitalized dogs. Baseline characteristics were

qualitatively assessed between a random sample of all hospitalized dogs and a random

sample of dogs able to be evaluated for hospital acquired AKI. The age, sex, weight, body
condition score (BCS), first creatinine, number of laboratory measurements, admission
through the emergency department, length of stay, and survival to discharge were
compared. In order to avoid increasing the false positive rate, univariable or
16

multivariable analyses were not performed. Rather, the mean, median or proportion was
compared between the two groups based on magnitude of difference and the likelihood
of that difference translating to clinical relevance. There is little discussion of what

relative or absolute differences are significant in the veterinary literature and a priori

differences were not determined. This seems reasonable because baseline characteristics
of hospital populations, including that of FHSA, are not described.

Model building
For all models, due to its known clinical significance, age (categorized into age groups),

was a priori included in analyses. All available variables then were added to the models
in a stepwise fashion (sex followed by first creatinine elevation category, days
hospitalized, and clinic evaluation [i.e., point of care creatinine measurement

methodology]). First creatinine elevation and days hospitalized were not included in

models of elevated creatinine or severe elevated creatinine. Unadjusted and adjusted
odds ratios with 95% confidence intervals were calculated from the effect estimates

produced by fitting the model. For categorical covariates, castrated male, <6 months old
and with no evidence of elevated creatinine were selected as the reference groups. With
no previous specific clinical insight or known interactions, as an exploratory analysis,
interactions between age groups and sex were evaluated. No interactions were
statistically significant and therefore all were excluded from final models.
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Results
Aim 1
During the study period there were 115,631 hospital visits; 14.6% (N=16,938) of those
visits resulted in admission to the hospital while the remaining (N=98,693) were

classified as outpatient visits. Among admissions, 60% (N=10,228) of these inpatients

visits had at least one creatinine measurement while 10.1% (N=9983) of outpatient visits
had creatinine measured (Figure 6).
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Baseline characteristics
Every tested univariate association of baseline characteristics between dogs treated as
inpatients and outpatients was statistically significant (Table 1). Dogs that were

admitted to the hospital were slightly younger than dogs treated as outpatients (6.98

years vs. 7.56 years, p value <0.0001). Female dogs (both spayed female and female)

were over represented in the inpatient and outpatient population compared to male and
castrated male dogs (55.5% and 53.7%, p values <0.0001 and <0.0001, respectively).
Higher proportions of dogs were in more severe elevated creatinine groups in

outpatients compared to dogs treated as inpatients; similarly, the median creatinine in
outpatients was higher than that of inpatients. Point of care analyzers were used more
frequently for inpatient measurement of creatinine compared to outpatients (69.3% vs
25.8%, p value <0.0001).
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Prevalence of and Risk Factors for Elevated Creatinine
Among evaluated dogs, 11.5% (N=2322, 95% CI 11.0%, 11.9%) had elevated creatinine at
first measure; any elevation in first creatinine was present in 12.9% (N=1283, 95% CI

12.1%, 13.6%) of outpatients and in 10.2% (N=1039, 95% CI 9.6%, 10.8%) of inpatients
(Table 2a, Table 2b). In the outpatient population, young (RR 0.39 [0.26, 0.59]) and

older dogs (RR 0.81 [0.68, 0.96]) were at lower risk for elevated first creatinine, while
geriatric dogs were at increased risk (RR 1.22 [1.03, 1.43]) when compared to all

evaluated outpatient dogs. Spayed female dogs treated as outpatients were at increased
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risk of elevated first creatinine (RR 1.22 [1.03, 1.43]) as compared to the risk of dogs
treated as outpatients.

Among dogs treated as inpatients, those less than 2 years old had reduced risk of an

elevated first creatinine, while geriatric dogs were found to have an increased risk (RR
1.43 [1.16, 1.76]) compared to all dogs. When evaluating the stratified RR of sex on

elevated first creatinine, there are no RR that are statistically significant (e.g., all 95% CI
include RR = 1).

A one way sensitivity analysis investigating the effect of varying the risk of elevated

creatinine in unevaluated dogs on the outpatient population estimate of elevated first

creatinine, revealed a minimum risk of 2.2% (assuming 1% prevalence in unevaluated
dogs) to the measured risk of 12.9%. Similarly, the range of risk of elevated first

creatinine in dogs admitted to the hospital was 6.5% (assuming 1% prevalence in
unevaluated dogs) to the observed risk of 10.2%.

In evaluated dogs, we identified 4,423 (44.3%) unique outpatient visits and 7,731

(75.6%) unique hospital admissions. When analyzing the first visit only, the prevalence
of any elevated creatinine was 8.9% (95% CI 8.1%, 9.6%) in outpatients and 9.6% (95%
CI 9.0, 10.3%).
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Subgroup Analyses: Risk factors for elevated creatinine in all dogs
Severely elevated creatinine
Adult (OR 2.68 [1.35, 6.35]), older (OR 2.56 [1.29, 6.05]) and geriatric (OR 3.90 [1.96,

9.22]) age group dogs were associated with higher odds of severely elevated creatinine
compared to juvenile dogs (Table 3). This association was present in unadjusted and

adjusted models. In the final adjusted model, spayed female dogs had an increased odds
of elevated creatinine compared to castrated male dogs (OR 1.55 [1.34, 1.80]). The c
statistic for this model was 0.60.
Any elevation in creatinine
Older age groups were associated with elevated creatinine compared to juvenile dogs
(Table 3). This association remained unchanged even after adjustment for sex and
creatinine assay methodology. The c statistic was 0.61.
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Subgroup Analyses: Risk factors for elevated creatinine in outpatient dogs
Severely elevated creatinine
Multivariable logistic regression models estimated the association of clinical

characteristics with the outcome of elevated creatinine and severely elevated creatinine

in outpatient dogs. In a final adjusted model, spayed female dogs had increased odds of

severely elevated creatinine compared to castrated male dogs (OR 1.53 [1.25, 1.88] (Table
3). In all models, there was no association of age group with severe creatinine elevation.
Any elevation in creatinine
In an adjusted model measuring the association of age groups with elevated creatinine,

there was an increased odds for geriatric (3.42 [1.6, 8.85]) and spayed female dogs (1.48
[1.28, 1.71]), when compared to juvenile or castrated male dogs, respectively (Table 3).
The c statistic for both adjusted models was 0.61.

Subgroup Analyses: Risk factors for elevated creatinine in inpatient dogs
Severely elevated creatinine
Multivariable logistic regression models estimated the effect of clinical characteristics on
the outcome of elevated creatinine or severely elevated creatinine in dogs treated as

inpatients. In an adjusted model, adult, older, and geriatric dogs had increased odds of
severe elevated creatinine when compared to juvenile dogs (Table 3). Additionally in

this model, male (OR 1.54 [1.12, 2.1]) and spayed female (OR 1.58 [1.27, 1.95]) dogs had
increased odds when compared to castrated male dogs.
Any elevation in creatinine
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Adult, older, and geriatric dog age groups also had increased odds of elevated creatinine
when compared to juvenile dogs (Table 3). All sex classifications of dogs all had

increased odds of elevated creatinine when compared to castrated male dogs after
adjustment. The c statistic for these final models was 0.62 and 0.61.

Clinical characteristics of dogs and hospitalization
In both unadjusted and adjusted models, adult, older or geriatric dog age groups had

decreased odds of being admitted to the hospital compared with juvenile dogs (Table 4).
Similarly, castrated males more most likely to be hospitalized. All categories of elevated
creatinine were associated with a lower odds of being hospitalized when compared to

dogs with normal creatinine. The methodology of creatinine measurement had a strong

association with hospitalization, with dogs having their creatinine measured by a point of
care instrument being more likely to be hospitalized (OR 6.00 [5.61, 6.42]). The c
statistic for the final adjusted model was 0.77.
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Aim 2
During the study period, there were 16,938 inpatients. Of these patients, 60.3%

(N=10,228) had at least one measurement of creatinine and 46.0% (N=3,221) of the

inpatient dogs with measured creatinine were either screened intentionally for hospital
acquired AKI or their medical record contained enough creatinine data to be
retrospectively screened.
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Baseline characteristics
With the exception of the proportion of females in each group, every univariate

association between hospital acquired AKI screening status and baseline characteristics
was statistically significant (Table 5). The AKI screened group was older (7.92 years vs.
6.76 years, p value <0.0001), had more dogs with elevated creatinine (13.7% vs 1.9%, p
value <0.0001), more point of care evaluation of creatinine (80.2% vs 63.9%, p value
<0.0001), more laboratory tests ordered (2.9 vs 0.51, p value <0.0001), and longer
hospitalization (median of 3 vs 2 days, p value <0.0001).

Incidence and relative risk of incident AKI
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In inpatient dogs with two or more serum creatinine measurements, the rate of any stage
of AKI is 124 per 1000 hospitalizations. The rates of AKIN stage 1, stage 2, and stage 3

are 100, 3, and 20 per 1000 hospitalizations, respectively (Table 6). When investigating
the RR of subgroups, dogs with severely elevated creatinine had an increased risk of

hospital acquired AKI (RR 1.61 [1.17, 2.22]) when compared to the risk of other dogs. In
a stratified analysis by AKIN stage, dogs with moderate elevated creatinine had a 58%

increased risk of stage 1 hospital acquired AKI (RR 1.58 [1.03, 2.44]) when compared to
all dogs. Dogs with severe elevated creatinine had 6 times the risk (RR 6.03 [1.06,

34.35]) of stage 3 and 63% increased risk of any stage (RR 1.63 [1.18, 2.25]) comparted to
dogs with lower first creatinine. When dogs with stage 2 and stage 3 AKI were combined
into a single AKI group due to the low number of dogs with stage 2 AKI, no additional
statistically significant RR were noted. Confidence intervals were calculated for the

AKIN stage 2; however, the boundaries were wide due to the low number of events in
this subgroup and are not reported. A one-way sensitivity analysis revealed that the
estimated rate of incident AKI in the entire hospital population ranged from the

observed rate of 12.4% down to a minimum value of 3.2% (estimated rate of 1% in

unscreened dogs). The proportion of dogs able to be evaluated for incident AKI was kept
constant in the analysis and the rate in the remaining hospitalized dogs that were not
able to be evaluated was varied from maximum incidence of 12.4% to a minimum

incidence of 1%. The purpose of this analysis was to estimate the potential effect of
selection bias on incidence rates of hospital acquired AKI for all hospitalized dogs

including those that cannot be evaluated. An additional sensitivity analysis excluding
subsequent hospital admissions of dogs with multiple hospitalizations showed that

85.1% (N=2,740) of encounters were unique. The incidence of hospital acquired AKI
within this subgroup was 11.8% (N=349, 95% CI 10.6%, 13.0%).
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Association of Clinical Characteristics with Hospital Acquired AKI
Multivariable logistic regression assessed the association between clinical characteristics
of hospitalized dogs that were retrospectively screened for AKI and the outcome of

hospital acquired AKI. In unadjusted and adjusted models (Table 7), neither age group
nor sex was associated with hospital acquired AKI. However, compared to those with a
normal creatinine, a higher elevated creatinine category at the first creatinine measure
had greater odds of hospital acquired AKI. Each day of hospitalization increased the

odds of hospital acquired AKI by 11% (OR 1.11 [1.06, 1.15]). Measurement of creatinine
by a point of care instrument decreased the odds of hospital acquired AKI by 27% (OR
0.73 [0.56, .96]). The c statistic for the final model was 0.65.
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Sensitivity Analyses: Random hospital sample and random AKI screened sample
The purpose of this sensitivity analysis comparing screened dogs to a random sample

was to evaluate baseline characteristics and relevant outcomes to determine if screened
dogs were similar to the entire hospital population of dogs. We found that the rate of

moderate and severe prevalent elevated creatinine was 28% in the AKI screened sample
and 10.2% in the hospital sample. There were fewer female dogs in the AKI screened

group (47% vs. 52%). 42% of dogs were admitted through the emergency department in
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the AKI screened and 69% in the hospital group. Dogs screened for AKI had a higher
mortality rate (18% vs 3%) and were hospitalized for longer (7.2 days vs 2.6 days).

Discussion
Aim 1
Using a retrospective cross-sectional analysis of multiple years of hospital visits, we were
able to show that the risk of elevated creatinine in outpatient dogs was 2.7% higher than

that of dogs treated as inpatients. In both outpatient and inpatient populations, geriatric
dogs had a higher risk of elevated creatinine and young dogs had a lower risk of elevated
creatinine compared to all dogs. In adjusted models testing the association between

baseline covariates and elevated creatinine, spayed females and older age groups of dogs
were consistently important. Older age groups, higher elevated creatinine classification,
and sex other than castrated male all decreased the odds of being hospitalized in an
adjusted analysis.

These results represent one of the largest veterinary epidemiologic studies of companion
animals with patient level data. In a recently published insurance claims study out of
Sweden, the investigators found an estimated prevalence of 1.6% for kidney related

claims (Pelander, et al. 2015). These contrast with our results, which are more than 8fold higher. This might represent a difference in the investigated populations and so-

called “referral bias” or distortion of the true prevalence of a disease for dogs presenting
to a referral hospital. An additional contrast between these results and ours is that, in

the Swedish analysis, a claim was required to identify dogs with kidney injury, whereas,
we looked directly at creatinine as a marker of kidney function without considering the
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clinical diagnosis. This methodology is likely more sensitive than claims data. Similarly,

a study in the UK found a CKD prevalence of 0.37% in a multicenter study of 89 practices
and 107,214 dogs (O'Neill DG 2013). Prevalence was calculated by the presence of key

words within the medical record rather than a diagnostic test. Additionally, there are no
data on the total number of dogs evaluated for prevalent CKD. Our results may

represent a geographic or practice related difference from these recent claims and

electronic medical record studies. Our study highlights the importance of reporting the
number of dogs evaluated for kidney disease and the number unevaluated. Evaluating
every dog by measuring creatinine would provide an accurate assessment of the total

burden of disease, however, due to cost and differences in care processes this is has not
been done. We found that by knowing the total number of dogs evaluated in both

inpatient and outpatient populations, we could estimate the magnitude of bias present.

Because the observed burden of disease is high, dogs presenting to a tertiary care facility
should be evaluated for underlying kidney disease.

It is likely that older dogs, similar to older people, have decreased GFR which could lead

to an increased serum creatinine. Our results show that nearly 1 in 5 assessed dogs older
than 11 have elevated creatinine. Despite losses in muscle mass associated with aging,
geriatric dogs still are more likely to have elevated creatinine. The gradual loss of
functional nephrons with aging appears to be greater than losses of muscle mass
resulting in higher creatinine. Because of these two opposite effects, an elevated

creatinine in an older dog with cachexia may represent more severe disease than a

younger dog with the same measured creatinine. This suggests that clinicians should be
less tolerant of even small increases in creatinine in geriatric dogs. Relative amounts of
muscle mass and GFR relationship is hypothesized to be important when interpreting
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the results of heavily muscled dogs, however, this relationship has not been investigated.
It was surprising that older dogs with elevated creatinine were being discharged as

outpatients. This may be because healthy dogs presenting for elective procedures have
more laboratory tests run in preparation for procedures or this could be explained by a
large outpatient CKD population being managed by the internal medicine service or it
could reflect values of owners. Older dogs with a perceived poorer prognosis may not
receive the same care or be hospitalized as frequently as younger otherwise “healthy”

dogs because of a value trade-off between quality of life, length of life, cost of care, and
role within the family. It may also be that these dogs are being euthanized because of
their older age, more severe creatinine, or other factors not captured in this data.

This study has several important limitations. The retrospective and observational nature
of this data suggests that there is the potential for significant confounding. Important

variables that could contribute to an elevated creatinine, such as toxin exposures, certain
medications, and comorbid conditions are not captured in this cross-sectional analysis
due to feasibility. Including these variables would likely reduce our reported effect

estimates. Additionally, the lack of medical history and longitudinal data may lead to

misclassification of the outcome. In this analysis, we defined our outcome as elevated
creatinine, which is a composite of community acquired AKI, AKI with CKD, and

prevalent CKD, to reflect that we did not know the contribution of different types of
kidney injury. If community acquired AKI is the predominate contributor to this

composite, the proportion of dogs with elevated creatinine that truly have CKD may

approach that of previous studies. All dogs were not evaluated for elevated creatinine,

which is a source of selection bias. In a sensitivity analysis, we recalculated the apparent

elevated creatinine risk from conservative prevalence rates (assuming a 1% prevalence in
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unmeasured dogs). This analysis revealed a risk of 2.2% in outpatients or 6.5% in

inpatients when a minimum population prevalence of elevated creatinine was assumed.

These rates are still higher than recently published reports of CKD (Pelander, et al. 2015)
(O'Neill DG 2013).

These results are an important addition to the veterinary literature. These results should
be generalized only to other similar populations (e.g., sick dogs presenting to referral
centers) until the epidemiology of kidney disease in dogs is better understood in the
United States.

Aim 2
A retrospective cohort of dogs was constructed by sampling from the retrospective crosssectional database. In this cohort of dogs, only 60% had creatinine measured and 19%
were able to be screened for hospital acquired AKI. In unadjusted comparisons of

baseline covariates, dogs that were screened for AKI were substantially different than

dogs that were not screened. Of those that were screened, at least 1 in every 10 dogs had
evidence of new hospital acquired AKI. In a stratified analysis, dogs with moderately
elevated creatinine had a higher risk of Stage 1 AKI and dogs with severely elevated
creatinine were 6 times more likely to have Stage 3 AKI.

This analysis is the first report of the epidemiology of hospital acquired AKI in dogs that

also considers unscreened dogs. The use of creatinine for AKIN AKI staging is feasible in

a large number of patients. The importance of hospital acquired AKI is highlighted by up
to 1 in 5 dogs having an acute rise in serum creatinine in some strata. A report of 645
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dogs presenting to a tertiary care facility report a maximum incidence of 20% (Harison,
et al. 2012), which is higher than we report in this study. A key difference is that dogs

were excluded from that study if creatinine was >1.6mg/dL, which may have excluded

dogs at risk of AKI or dogs that may have responded to therapeutic measures including
dilution of serum creatinine which would decrease the proportion of observed AKI

outcomes. Similarly, a study of 164 dogs used the same criteria to exclude dogs from
analysis (Thoen ME 2011), and reported an incidence rate of 14.6%. A further

explanation for why our results might be lower than the previous two studies is that we
also included dogs that may have had their first creatinine measured during their

hospitalization rather than at admission which may misclassify dogs with hospital

acquired AKI if their first measured creatinine was the maximum during hospitalization.
A sensitivity analysis could investigate whether our results changed if we excluded dogs
with first creatinine measurements after 24 hours of hospitalization. When our results
are stratified by creatinine elevation and AKIN stage, we found that dogs with higher

creatinine may have significantly higher risk of hospital acquired AKI than other dogs
and including them in our analysis increases generalizability of our results.

This report has several limitations that should be noted. There is likely significant

confounding due to the retrospective, observational nature of the data. In addition,

there were limited covariates available for this analysis which, if included, likely would
reduce the reported effect estimates. Only screened dogs (i.e., dogs with two or more

creatinine measurements) were able to be evaluated for AKI. Univariable comparisons

between screened dogs and the hospital population highlighted the fact that they are very
different, which is important to note. It is likely that this selection bias leads to dogs
being screened that are generally sicker, older, have more labs ordered, and are
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hospitalized for longer. The entire population of hospitalized dogs likely has a lower

incidence of AKI compared to dogs that are screened. This was confirmed with a oneway sensitivity analysis, which showed an overall hospital rate of 3.2% if unscreened
dogs had a low incidence rate of 1%.

The results of this study can be generalized to any age and sex population of dogs that
are medically ill and are treated at a referral center. It is unclear if there are regional

differences in surveillance, care or etiology of AKI that may prevent the application of
these results outside of the New England area of the United States.

Conclusions
We found that elevated creatinine in dogs presenting to a referral hospital was more

common than CKD prevalence reported in other populations of dogs in Europe. Spayed
female dogs that were geriatric had the highest risk in the outpatient group and older

dogs alone in the inpatient group. Unadjusted hospital acquired AKI rates were found to

be less than previously reported in similar populations but with less bias. The magnitude
of kidney injury (i.e., severity of creatinine elevation), length of stay in the hospital, and
method of creatinine measurement were associated with the outcome of hospital
acquired AKI in an adjusted analysis.

While it is not possible from these data to extrapolate an estimate for CKD, AKI with
CKD, or community acquired AKI in the entire population of dogs, we were able to

identify that dogs presenting to a referral center had high rates of elevated creatinine.

Dogs who are screened for AKI are different from other hospitalized dogs which suggests
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an equal or lower risk of hospital acquired AKI in unscreened dogs. Veterinarians should
consider evaluating creatinine in dogs presenting to a tertiary care center.
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